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ABSI RA(T 

Red and photographic infrared s|>ectral data were collected using a hand- 
held radiometer for two cuttings of alfalfa. Significant linear and non-linear 
correlation coefficients were tbund between the spectral variables and plant 
height, biomass, forage water content, and estimated canopy cover for the 
earlier alfalfa cutting. The alfalfa of later cutting experienced a period of severe 
drought stress which limited growth. The spectral variables were found to be 
highly correlated with the estimated drought scores for this alfalfa cutting. 
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lUUSIRAllONS 


I'lgtm* Patitf 

1 (a) Kcd radiance, (b) pholograpliic inl'rared (IK) radiance, (c) IK/red radiance ratio, 
and (d) vegetation index (V I) spectral iiieasurciiients I'roin a hand-held, two-band 
radiometer as related to estimated canopy cover over the 5-wvek ‘’rowth of third-cutting 
alfalfa, June 3()-July 28, Id77, Three plots were scored each week. The numlH.*rs 

inside each data point correspond to the week of sampling for the third cutting 5 

2 (a) Ked radiance, (b) photographic infrared (IK) radiance, (c) IK/Ked radiance ratio, 
and (d) vegetation index (V'l) spectral measurements from a hand-held, two-band 
radiometer as adated to dry biomass over the 5-week grow th of third-cutting alfalfa, 

June 30-July 28, l‘)77. Three plots were harvested and weighed each week. The num- 
bers inside each data point correspond to the week of sampling for the third cutting . . 0 

3 (a) Ked radiance, (b) photograpliic intrared (IK) radiance, (c) IK/red radiance ratio, 
and (d)vegetation index (VI) radiance measurements from a hand-held, two-band 
radiometer as related to percentage estimated drought stress over a 3-week period for 
the fourth-cutting alfalfa, August I9-Sepieniber Id, |d77. Tliree plots were scored 
each week by estimating the percentage of the canopy wilted due to drought stress. 

Tlie numbers inside each data point correspond to tiie week of sampling for the fourth 
cutting d 

4 Kelationsliip between forage water eontent and estimat'd percent drought scores 

on drouglit-stresscd alfalfa. September Id77. The numbers inside each plot corre- 
spond to the week of sampling for tlie fourtli cutting 10 


IV 



Rl I AI IONSIIII’OI Kl I) AND moiOCRAIMIIt’ INI XARI |) SI'I ( I RAl 
RADIANtl S K> Al I Al I A BIOMASS. I DRAOl \\AII R lOMI Nl. IM R( I N I A('.l 
( ANon COVI R. AM) SI V I Rl TV OI DROl'Oll l SIRl SS 


INIRODUl HON 

Roinoto sonsiM)! tcc'hnit|iK*s have Ixvn toporicil tor ostimalint: forapo production (Pcarstm and 
Miller, l*)72. Rouse ct al., I‘)7.^, Deerinp el al. IX75; R**pinalo et al., |X78;and others) and esti- 
matinp yields of nonforape apricultural crops ( I homas et al.. I‘)P7, llanunond. h>75; Morain and 
Williann. l‘)75;(’olwell et al.. I‘>77: Idsoel al.. |d77;t and h;aiid others). 

Recently, the liand-held radiometer technu)ue for monilohnp apricultural cn*p condition has 
been reported ( I'uckcr el al.. I‘)7‘)a and b). This new approach allows for the collection of m situ 
radiance data in the \isible and near infrared portions of the ictlectwe spectral repum 1 0.4 - 2..S /iin). 

Hand-held radiometeis are ideally suilcil for small-scale experimental purposes. I'hey require 
only minimal lopistic support and the resultinp data can be reduced and analyzed on p«K'ket calcu- 
lators if neces.sar> . Because of their lipht weipht and self-contained batters powei supplies, they are 
cxtieincly mobile and hence can cover a preat deal of ex|ienmcntal terntory m a small amount of 
time. These" attributes make hand-held radiometers well suited lot collection of "erouiul-trutir* 
data in support of satellite expeiiinents ami also for nondestructive ce'llecliem of crop e’e»ndition 
data freiin crop canopies t fucker et al , l‘)7‘)b). 

In this paper, we report on an experiment in which a prenind-base'd. hand-held radii>meler was 
use'd to estimate alfalfa forape yield and related .ipronomic variables such as crop cam>py cover, 
plant heipht, and droupht stress. 

Ml niODS AM) L(H AI ION 

Two established alfalfa fields located on the U.S. Department of ApricultureV Beltssille .Apri 
cultural Research C enter were selected for this study. In the first field, fifteen I - x 4-m plots were 
ilesipnated followinp the se’cond alfalfa cuttinp in late June I‘)'^7. Three plots were harxesteil per 
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week lor the 5-week period corresponding to the third cutting. In a second field, an additional 
filteen I - x 4-ni plots wen* designated I'ollowing the third cutlirg in early Auniisl and were harvested, 
three plots |H*r week, for the 5-week period corresponding to the fourth cutting. Agronomic notes 
pertaining to average plant height (cm), estimated percent crop canopy cover, and estimated percent 
drought stress were recorded weekly along with total wet and dry hiomass harvested from each of 
the three plots. Plant heiglits were measured with a meter slick on tliree to five plants per plot and 
an average plant tieiglit was detemiined, percent canopy cover and percent drouglil stress measure- 
ments were visual estimates of the percentage of llie ground covered by the leaf canopy and of the 
percentage of the canopy willing due to drouglil stress, respectively. All agronomic variables wer' 
measured or estimated by the same observer throughout the study. 

Immei'.iately prior to the weekly harvest, four paim of in situ spectral measurements were 
collected from each plot to ne harvested, using a hand-held radiometer (Pearson el al.. I^)7(>) con- 
figured to measured red (0.(»5-0.70 /am) and photographic infrared (0.775-0.825 pm) (IR) radiances. 
The red and infrared measurements were used to generate the IK, red radiance ratio and the nomial- 
i/ed difference vegetation index (VI) of (IR-red»,(IR+red) after Rouse el al. ( l‘>7.t). ,\ll spectral 
measurements were made Ix'lween the hours ot 1 100 and 1500 e.d.t.. were nonnal to the plot, and 
were taken from a height of appro.ximately 1.5 m above the soil surface. I'he four pairs of spectral 
measurements and the two transformations were averaged to account for the spatial variation and 
the averages were used thereafter in the data analysis. 

Prior to recording the radiance values for each experimental plot, a H.iSOj panel was usi*d to 
make an irradiance reference reading from wheh an atmospheric correction factor could be calculated. 
This enabled the data analysis to be performed in both the r.uliance and in the rellectance nunles. 

The wet bitnnass measurements were collected by harvesting the entire 1- x 4-m .Mot. I he 
fresh weight of the harvested material w.is recorded. For each plot a s.iiuple (approximately 1 kg) 
of the harvested material was taken, weighed, dried, ami rewciglied to obtain an estimate of dry 
matter percentage. The dry biomass production (dry biomass = wet biomass * dry mattei 



porconlJtsi*) and forage water eontcnl (wet hii>niaN» - dry bioma>.s) were tiun ealetilated and ex- 
pressed in tirams |ht s«.|iiare meter. 

Ct>rrelations amon(! all measiin'ments were eaUulated to quantify the relationships K’lween 
the spectral sanahles and the attronomic variables. I'hese anal>ws were conducted using both the 
retlectance data (i.e.. adjusting for solai intensity) and the uncorrected ladiance data. Previous 
studies by the authors have shown thai the IR red radiance ratio and the radiance VI elfectively 
compensate for irradialional variability ( I ucker et al., I‘)7‘>b). Theiefore, the experimental results 
pn.*s 4 *nted herein will use the radiance data Kvause this is what is measured by satellites. I he re- 
tlectancc data results were identical in terms of statistical dgnificance to those using the r.idiance 
data. 

RFSDl I S AM) DISf rSSION 
Third .A l falfa Cutting 

Highly significant linear correlation cwfficients were found for all tlu relationslups In tween 
the four radiance variables and the agronomic variables for the third cutting ( 1 able 1 1. Several 
nonlinear significant correlation coefficients were also found. Figures I and 2 show the response of 
the four radiance variables to increasing percent canopy cover and drv biomass accumulation 
measured over the 5-week growing period. f!ie red radiance generally decreased as |>ercent ctrver 
and biomass increasv'd (Fig. la and 2a). I his was due to increased chlorophyll absorjvtion b\ 
larger quantities of vegetation. The photographic infrared radiance. IK re»l ratio, and VI increased 
as percent cover and biomass increasv*d (Fig lb, c, d, and 2b, c, d) I he opposite slopes for the red 
and IKl spectra with increasing canopy cover and biomass are consistent with previouslv published 
rept'rtMdaiisinan et al., 1^)70: Tucker, l‘)77). Similar spectral responses were found for plant 
height, wet biomass, and forage water cemtent. Plant heights increa.M.d liom 14 to 48 un from 
week I to week 5. 

I he most striking effect for the third cutting was the asymptotic or .'•aturation eflek.t pr.iduced 
by increasing anuuint of alfalfa canopy, particularly tor the red i.uhance and the VI. figures I and 



Table I 


l inear I’orrelation ('oetfieienls Between Spectral V'ariabics and Six At:ronoinic Variables 
for the Third Alfalfa ('utting at the Beltsville Agricultural Resc-arch Center. Maryland 



(11=15) 

(11=15) 

(n=15) 

(n- 15) 

(n-I5) 

.Spectral 

I’lanl 

height 

f stimaled 
canopy 
cover 

Wet 

biomass 

Dry 

biomass 

forage 

water 

content 


(cm) 

(^.) 

(g/m-) 

(g/ni7) 

(g/m-) 

Red 

-0.S9** 

-o.s:** 

-0.84** 

-0.81** 

-0.85** 

IR 

0.90** 

0.87** 

0.92** 

0.85'** 

0.93** 

IR/Red 

0.9S** 

0.93** 

0.9o** 

0.91** 

0.97** 

Vegetation 

index 

0.9(,** 

0.89* • 

0'>r* 

0.87** 

0.93** 


**lndic3lcs signiricance at the O.Oi ' vcl of probability. 


2 show that after vegetative cover reached approximately 50';<- (week 3-4) little additional spectral 
respond was accorded for increasing canopy cover am. b'omass accimuiLtion. A similar observation 
was made for plant height and forage water content. This a.<ymptotic spectral response of the plant 
canopy with respect to increasing percent cover and associated green leaf density was also reported 
by Clausman et al. ( I47()) and fucker (1977). 

It is apparent that the usetulness of spectral data such as ours for estimating canopy cover 
and/or dry biomass is limited by these saturation or asymptotic effects, fhe reason lor the differ- 
ence in asymptotic properties between the IK red radiance ratio and the VI is not understood at the 
present time. However, previous work by Colwell et al. ( 1977) suggested that the IR/red ratio was 
more linear in response and thus more usi’ful as a predictive tool than the VI. This ap|vared to be 
true in our study (fig. Ic. d. and 2c. d). 
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f igiirc I - *a) Red radiance vb) photographic infrared (IR) radiance, (c) IR/red radiance ratio, and (d) vegetation index (VI) spectraJ 
measurements from a hand-helu, two-band radiometer as related to estimated ca:iop> cover over the 5-weck growth of 
thirJ-vutting alfalfa. June 30-July 28. 1977. Tliree plots were scored each week. The numbers inside each data point cor- 
respond to the week of sampling for the third cutting. 
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t-outih Alfalfa CuHinit 

The i oiirlh alfalfa culling wa!^ quiU* Jiflvrcnl from the third culling as a coii^arqucnce uf a 
peruHl of severe drouglit. A ' nail amount of growth was ohlained Maximum esiimaled canopy 
ctwer for the fourth cutting was only 5(H : it had been SS'V for the third cutting. I*lani lieiglits 
never exceeded 20 cm. 

I stimated drought scores were taken along with the other agronomic measurements to assess 
vegetative condition. Highly signiricant correlations Ivtween the four spectral variables and esti- 
mated drouglit stress and forage water content were obtained from the fourtli cutting I his indi- 
cated that the spectral measurements were sensitive to the severity of the drouglit stress ( l able 2. 

F ig. 3). 

In addition, a highly significant negative correlation ir * -0.S5. n * **) was obtained between the 
estimated drought scores and forage water content (Fig. 4), indicating a restriction of water uptake 
within the affected alfalt;* canopy. Previous work has suggested a strong interrelationship between 
the photosynthetic leaf area, chlorophyll, and the forage water content. It was theori/cd that the 
chlorophyll concentration is reduced by photooxidation at a rate dependent upon the leaf water 
potential when the forage water content becomes limiting (Tucker et al.. Id75l. In any event, 
drouglit stress would be expected to reduce the in vivo chlorophyll concentration by limiting the 
water available lor photosynlliesis. This would be more apparent spectrally in the red (chlorophyll 
absorption region) than in the photographic infrared retlective region. Uur data supt»ort this con- 
tention (Fig. 3). 

Recent work by Thompson and Wehmanen ( 1979) has reported a general agreement between 
the Landsat derived green index number ((»1N) (after Kauth and Fliomas. |97h) and ground-ba-wd 
assessments of drought stress. The CilN is one of several “green vegetation iiidices” (otliers being 
the vegetation index, the ir/red ratio, etc.) which are sensitive to the photosynthetically active leaf 
area of plant canopies (l)ecring. 1978: Tucker, 1979). Thompson and Webmanen ( I979| were only 
able to qualitatively compare Landsat MSS imagery and ground-based areas suffering Irom dri.nighl 
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Table Linear Correlation Coefricienls Helween Four Spectral Variables and Six Agronomic 
Variables for the l-ourtli Alfalfa Cutting at the Heltssille Agricultural Research Center, Mary land 



(11=15) 

(11=15) 

(n«l5) 

(11-15) 

(n»l5) 

(n»9) 

Spectral 

variable 

Plant 

height 

Lstimated 

canopy 

cover 

Wet 

biomass 

Dry 

biomass 

Forage 

water 

content 

Lstimated 

drought 

stress 


(cm) 

(9^) 

(g/m^ ) 

(g/m*) 

(g/m*) 

i%) 

Red 

-0.38 ns 

-0.42 ns 

-0.(>4** 

c 

-0.83** 

0.89** 

IR 

-O.bl* 

-0.54* 

-0.O6** 

-0.42 ns 

-0.72** 

0.67* 

IR/Red 

0.17ns 

0.25 ns 

0.5 1 ns 

0. 1 2 ns 

0.71** 

-0.81** 

VI 

0.19 ns 

0. 'K ns 

L 

0.52* 

0. 1 1 ns 

0.74** 

-0.84** 


*lnduates sigiiitlcancc at the 0.05 level of probabiiiiy . 

**lndicates tignifleance at the 0.01 level of probability. 

stress. It is dilTtcult >. i.'rtomi detailed plant canopy sampling which quantitatively 
represents Landsai ^ixel areas (^0.45 ha) in terms of drought stress, etc. However, when one com- 
bines (he large area qualitative Laiidsat results of I hompson and Wehmaivn ( 1079) with the small 
scale quantitative results reported herein, the case for remote sensing detection of drought stre.ss is 
stn.*ngthened. 

It must be emphasi/.ed that the results reported herein and those of Thompson ai.d Wehmaner. 
( 1979) were not directly sensitive to drought strvssfHr sv. They were sensitive ti. the photosyn- 
thetically active leaf area which has Ixren decreased as a result of drought stress. .None of the bands 
used by Thompson and Wehmanen ( 1979) or by the work leported herein were directly sensitive to 
the leaf water content ( I ticker, 1 9X0). Laiidsat-H’s thematic mapper (1 M)*, by contrast, will 
have two bands which will be directly sensitive to the leaf water content, ( he bands in question. 
TM5 ( 1.55-1.75 pm) and 1 .Mf> (2.0H-2..^0 pm ), offer tlie possibility of direct assessment of plant 
canopy drouglit stress ( fucker. 1980). 


*SchcJulcd fur launch in late 1981. 
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sampling for the fourth cutting. 
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